We have explored the evolutionary history of the Apicomplexa and two related protistan phyla, Dinozoa and Ciliophora, by comparing the nucleotide sequences of small subunit ribosomal RNA genes. We conclude that the Plasmodium lineage, to which the malarial parasites belong, diverged from other apicomplexan lineages (piroplasmids and coccidians) several hundred million years ago, perhaps even before the Cambrian. The Plasmodium radiation, which gave rise to several species parasitic to humans, occurred 129 million years ago; Plasmodium parasitism of humans has independently arisen several times. The origin of apicomplexans (Plasmodium), dinoflagellates, and ciliates may be >1 billion years old, perhaps older than the three multicellular kingdoms of animals, plants, and fungi. Digenetic parasitism independently evolved several times in the Apicomplexa.
The Apicomplexa is a large and complex protist phylum, consisting of nearly 5000 described species, with as many as 60 ,000 yet to be named (ref. 1, pp. 1-6; see also refs. 2 and 3). The apicomplexans are all parasites, characterized by the "apical complex," a structure that inspired the phylum's name. Many species have economical and medical importance, among them the malarial genus Plasmodium, one of the greatest causes of mortality in the world.
The taxonomy and phylogeny of the Apicomplexa have been the subject of controversy and frequent revision. At stake are such matters as the evolutionary origin of Plasmodiumwhether it derives from gut parasites of vertebrates or from originally monogenetic (monoxenous) parasites of dipterans (4) (5) (6) (7) (8) .
We have analyzed the small subunit (SSU) rRNA genes from 20 species that belong to three classes (we follow the taxonomy of ref.
2): Hematozoea (where Plasmodium is included), Coccidea, and Perkinsidea. We use as outgroups 10 species from two related phyla-Dinozoa (dinoflagellates) and Ciliophora (ciliates).
We conclude that the Plasmodium lineage diverged from other Apicomplexa several hundred million years ago, perhaps earlier than the Cambrian, before the vertebrates (chordates) originated from their ancestral invertebrate lineage. The Apicomplexa phylum is very ancient, perhaps as old as the three multicellular kingdoms plants, fungi, and animals.
MATERIALS AND METHODS
The 20 Apicomplexa species (Table 1) represent three of the four classes that make up the phylum (2) . The Apicomplexa phylum of Corliss (2) is essentially identical to the array classified earlier as Sporozoa (19) , except for the inclusion of Perkinsus, which remains controversial. We include 14 species of Hematozoea (5 species of Plasmodium, order Haemosporida, and 9 species of the order Piroplasmida). The piroplasms
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (18) . are often considered the sister clade of the Plasmodium lineage (20) . We also include 5 species of the class Coccidea, from which the Plasmodium lineage may have originated (1, 20, 21) , and 1 species of the class Perkinsidea. The 10 species used as outgroups ( Table 2) belong to the phyla Dinozoa and Ciliophora, akin to the Apicomplexa to the extent that CavalierSmith (29) has included all three in the parvkingdom Alveolata.
We have aligned the 30 SSU rRNA sequences by means of the CLUSTAL-V program (30) , with manual editing for maximizing similarity between the sequences. The final alignment consists of 1550 sites (of "1800 in each sequence).
Abbreviations: ML, maximum likelihood; My, million years; NJ, neighbor-joining; SSU rRNA, small subunit rRNA. *To whom reprint requests should be addressed. Phylogenetic relationships are inferred by two methods: (i) neighbor joining (NJ) (31) , with Tamura's three-parameter distance (32) . G+C content in these genes ranges from 35% to 50%; we use the averages for G+C content and transition/ transversion ratio. We calculate distances for all substitutions as well as for transversions only. Tree reliability is assessed by the bootstrap method (33) with 1000 replications. All NJ analyses are performed using the program MEGA version 1.0 (34). The genetic distances as well as the sequence alignment are available from the authors upon request.
(ii) Maximum likelihood (ML) (35) assumes specific transition/transversion ratios. We use seven transition/transversion ratios (from 1 to 15), which yield similar results. Tree topologies are compared as described (36) . Analyses are performed with the algorithm DNAML of the PHYLIP package, version 3.5c (ref. 37 ; program available from J. Felsenstein, Department of Genetics, University of Washington, Seattle).
We estimate time of divergence by using two rates of nucleotide substitutions: 2% (38, 39) and 0.85% per 100 million years (My). We have obtained the 0.85% rate by comparing the SSU rRNA genes of several sets of increasingly divergent multicellular (mostly metazoan) organisms, for which approximate times of divergence are known.
RESULTS
The NJ trees are shown in Figs. 1 (based on all substitutions) and 2 (transversions only). The five Plasmodium species form a monophyletic clade in both trees, with full statistical reliability (bootstrap value, 100%). The nine piroplasm species also form a monophyletic clade (99% and 98% bootstrap).
The Plasmodium and piroplasm clades (two distinct orders within the class Hematozoea) are sister clades in Fig. 2 , but without statistical reliability (bootstrap, 66%; 70% is a commonly used boundary for statistical significance; ref. 40 ). In Fig. 1 , the piroplasms appear as the sister clade to three coccidian species (Neospora caninum, Sarcocystis gigantea, and Toxoplasma gondii, family Sarcocystidae) but also without statistical reliability (60%).
The three Sarcocystidae species (N. caninum, S. gigantea, and T. gondii) form a monophyletic clade in both figures, and so do the two other coccidians (Cryptosporidium parvum and Cryptosporidium wrairi, family Cryptosporidae), but the class Coccidea is not a monophyletic clade.
The phylum Apicomplexa forms a monophyletic clade, if Perkinsus is excluded, but the clade is statistically valid only when transversions alone are used (82%, Fig. 2 ; bootstrap for this clade in Fig. 1 is 51% ). The anomalous genus Perkinsus is included within the dinoflagellate clade (79% and 74% in Figs. 1 and 2, respectively). The taxonomic and phylogenetic position of Perkinsus has been a matter of uncertainty and debate (1, 2, 18, 21, 29, 41) . The dinoflagellate species (phylum Dinozoa), with Perkinsus included, form a monophyletic clade, and so do the ciliates (phylum Ciliophora).
We have attempted to resolve the ambiguous NJ phylogenetic relationships within the Apicomplexa phylum by ML methods (data not shown). The tree that associates Plasmodium and the piroplasms as sister clades (Fig. 2) 
DISCUSSION
The evolution of Plasmodium and other Apicomplexa is of particular interest because of the health and economic significance of these parasites. Common views are that the Apicomplexa evolved from parasitic organisms of marine invertebrates (1, 20, 21) ; that Plasmodium evolved as a daughter clade from the coccidians; and that the piroplasms are derived from, or at least are closely related to, Plasmodium (1, 20, 21) . Some of these views have been based on the postulate that "the probable evolution of the Apicomplexa may be deduced from that of the hosts," which leads to the conclusion, for example, that the gregarines, which are exclusively parasitic on invertebrates, "surely evolved earlier than the other apicomplexan classes, which parasitize vertebrates" (ref. 3, p. 571).
There is no fossil record of apicomplexan organisms (42), but time estimates of their evolution can be obtained by means of a molecular clock. Two conditions need to be met: (i) the rate of evolution of the particular gene is constant through time for all lineages-i.e., there is a reliable clock; and (ii) the time rate of the clock is known, or alternatively the clock can be calibrated by associating one or more points in a phylogeny with precise times or geological events.
The substitution rate of SSU rRNA genes has been estimated to be 2% per 100 My (38, 39) , although Moran et at (43) give a less precise rate of 2-4% per 100 My. One reservation against accepting at face value any one particular rate for the SSU rRNA gene is that the set of nucleotides compared varies from one study to another. Typically, as the array of lineages compared becomes more ancient, and hence more diverse, it becomes increasingly difficult to align the more variable regions of the gene, so that only more conserved regions are included in the comparisons. The estimated rate of evolution decreases accordingly. This effect has been noted by Escalante and Ayala (44) : the genetic distances obtained for the rRNA genes of Plasmodium species are 2-3 times larger when only Plasmodium sequences are aligned than when other Apicomplexa genera are included.
We have determined a rate applicable to our data as follows. We have selected sets of pairwise comparisons among SSU rRNA gene sequences from increasingly divergent multicellular organisms for which reasonably accurate times of divergence are known. The resulting alignment includes 1571 base pairs, close to the 1550 sites aligned for the 30 protistan sequences. The regression of nucleotide substitutions on time yields a rate of 0.85% substitutions per site per 100 My (Fig.  3) .
It is apparent in Figs. 1 and 2 that the rate of substitution of the rRNA genes is not constant across all lineages. However, we are primarily interested in the nodes shown in the simplified phylogeny of Fig. 4 , but not even the branch averages yield equal substitution rates. The Plasmodium and ciliate lineages evolve faster than the piroplasms, coccidians, or dinoflagellates. The issue is which of the Apicomplexa substitution rates is most similar to the rate estimated for the multicellular organisms (Fig. 3) .
We deal with the erratic behavior of the protistan molecular "clock" by making the following decisions (Table 3 ). The length of the branches from nod 1 (Fig. 4) is simply the average observed (Fig. 1) for (3, 6, 8 (Table 3 ); yet digenetic parasitism affecting land vertebrates has evolved in each of the three apicomplexan lineages shown in Fig. 4 .
The Apicomplexa/Dinozoa clade may have originated at the time of or earlier than the origin of the multicellular kingdoms. This is consistent with the conclusions of others (29, 54, 55 
